This data set is used to evaluate several multiaxial fatigue life models (most were originally developed for room temperature multiaxial life prediction) including yon Mises equivalent strain range (ASME boiler and pressure vessel code), Manson-Halford, Modified Multiaxiality Factor (proposed in this paper), Modified Smith-Watson-Topper, and Fatemi-Socie-Kurath. At yon Mises equivalent strain ranges (the torsional strain range divided by 4-3", taking the Poisson's ratio to be 0.5), torsionally strained specimens lasted, on average, factors of 2 to 3 times longer than axially strained specimens.
The Modified Multiaxiality Factor approach shows promise as a useful method of estimating torsional fatigue life from axial fatigue data at high temperatures.
Several difficulties
arose with the specimen geometry and extensometry used in these experiments.
Cracking at extensometer probe indentations was a problem at smaller strain ranges. Also, as the largest axial and torsional strain range fatigue tests neared completion, a small amount of specimen buckling was observed.
INTRODUCTION
In high-temperature environments it is rare to find an actual working component that is subjected to a purely uniaxial stress or strain field. Typically, when a structure is exposed to an external heat source, the heated portion expands while portions of the structure that are farther from the heat source, and cooler, constrain this expansion. In many cases a thermal gradient in a structure induces biaxial stress fields. The stresses resulting from _self-constraint" can also be amplified by external constraints on the structure. These thermally induced stresses are often that have a different magnitude and direction than the thermal stresses. An added complexity is introduced when the thermal loads and the mechanical loads are not imposed simultaneously. This can cause the magnitudes and the directions of the maximum principal stresses and strains to change continuously during each loading cycle. Synergistic and previously undiscovered damage mechanisms may arise under these complicated loading conditions.
Haynes 188 was chosen as a model material for this study because it is often used in aeronautical and space-based, high thermal-shock applications: in LOX (liquid oxygen) posts in the space shuttle main engine, in combustors for the T800 turboshaft engine, and in other structures that are subjected to large thermal transients in oxidizing environments.
In this program, monotonic and cyclic axial and torsional tests were conducted on Haynes 188 at 760°C. Several multiaxial fatigue life prediction models were examined for their applicability to Haynes 188 at this temperature. These models include the yon Mises equivalent strain range approach (ASME boiler and pressure vessel code, case 1975 In the process of measuring the elastic properties, the axial thermal strain was measured by the extensometer and recorded. These data were used to calculate the value of the mean coefficient of thermal expansion (a), with room temperature as a reference, for each increment in temperature. Figure 5 shows a plot of these data and the second-order polynomial fit to the data.
AXIAL AND TORSIONAL TESTS
Haynes 188 exhibits a ductility minimum at 760°C (ref. 
For pure torsion, with the Poisson's ratio _, assumed to be 0.5 (plastic strain-dominated, constant-volume assumption), the values of the equivalent strain and stress reduce to the following:
Figure 8 displays the yon Mises equivalent torsional strain amplitude versus the von Mises equivalent stabilized torsional stress amplitude.
A comparison of this curve with the axial cyclic stress-strain curve (also shown in fig. 8 ) indicates that the material exhibits more cyclic hardening under torsional loading than is predicted by the yon Mises criterion.
FATIGUE TESTS
The failure definition used for these experiments was a 10-percent dropoff in the peak axial or torsional loads.
The testing software stores the peak load values in a cycle at logarithmic intervals.
These stored peak load values are used as a reference to compare with peak load values from subsequent cycles. The 10-percent load dropoff corresponded to surface crack lengths of 3 to 14 mm in the axial fatigue tests (except the largest strain amplitude test which had a crack of 40 mm) and surface crack lengths of 8 to 26 mm in the torsional fatigue tests.
Fatigue Data
Tables II and III contain stress and strain range values of the near half-life hysteresis loops of the axial and torsional fatigue tests. These tables also include the final crack lengths (measured after the tests were completed).
The extensometer probe indentations caused a problem in some of the specimens.
These indentations were necessary to positively locate the extensometer probes on the specimen.
In the longer life (lower strain range) tests, the crack that caused failure of the specimen occurred at an indentation.
Fatigue data corresponding to the specimens that failed as a result of a crack at an extensometer indentation were excluded from the computation of the axial and torsional strain-life relations. In all tests the main crack followed a path perpendicular to the maximum principal stress direction.
Axial Fatigue Life Relations
The elastic and plastic strain ranges versus fatigue life data for the axial fatigue tests are presented in figure 9 . Data points corresponding to specimens that failed as a result of a crack at the extensometer indentation are indicated with solid symbols. The elastic strain range was calculated for each test by using the measured Young's modulus and the recorded stress range. This value was then subtracted from the measured total strain range for that test to obtain the plastic strain range.
Log-log fits were performed, excluding the data corresponding to the specimens that cracked at the indentations (solid symbols), on the calculated elastic and plastic strain ranges versus fatigue life. The calculated elastic, plastic, and total life relations are also presented in figure 9 . The form of the axial strain-life equation is shown in equation (5) . For the torsional fatigue data, similar calculations were performed to separate the elastic and plastic engineering shear strain ranges. Log-log fits of the elastic and plastic engineering shear strain ranges versus fatigue life were performed. Figure 10 shows the elastic and plastic engineering shear strain range data and the corresponding life relationships.
As with the axial fatigue data, data points corresponding to specimens with extensometer indentation cracking are indicated with solid symbols and were omitted from the computation of the torsional life relations.
The torsional fatigue life relation is represented by the following: (4)) taken from plasticity theory. For the torsional fatigue tests, the equivalent strain range is twice the equivalent strain amplitude computed using equation (4) . This equivalent strain range is then used on the left hand side of the axial strain-life relation (eq. (5)) to predict the torsional fatigue 
In torsion the triaxiality factor (TF) is zero (a I = -a2, and a 3 = 0) therefore, the multiaxiality factor (MF) is 1/2. This parameter works fairly well in the very low-cycle regime but is overly conservative as the amount of plastic strain decreases ( fig. 12) . A total strain range version of the Manson-Halford parameter, the Modified Multiaxiality Factor approach, (eq. (9)) has been developed by the authors to correct for this shortcoming.
Modified Multiaxiality Factor Approach
The functional form for this approach (eq. (9)) is obtained by employing the following assumptions.
First, the hydrostatic stress (the triaxiality factor, and hence, the multiaxiality factor, is a measure of the hydrostatic stress) has a much larger effect on the axial plastic life line than the axial elastic life line, so that the multiaxiality factor is used to shift only the axial For torsional fatigue tests, it is not a predictor of fatigue life as much as a correlator in that the torsional fatigue data are necessary to determine one of the constants (k). The method used to determine the parameter k from axial and torsional fatigue data is described in reference 5. The value of k derived from this data set is 1.0 in the life regime of interest. This model successfully correlated the axial and torsional fatigue data.
DISCUSSION

Several of the axial and torsional lower strain range fatigue tests developed cracks at indentations
placed in the specimen surface for the extensometer probes. These indentations were necessary to ensure accurate mounting of the probes and to prevent movement relative to the surface over the course of a test. The precision indentation fixture allowed accurate control of the depth of penetration into the specimen's outer surface. The indentation depth was kept to the minimum necessary to prevent the probes from sliding at the maximum displacements expected in a given test. In pressing the indentations, residual stress fields are induced around the indentations.
In the longer life tests these residual stress fields may relax to the point where they no longer prevent the stress concentration at the indentation from initiating a crack. Several specimen design alternatives that involve removing material from the gage section between the extensometer indentations are under consideration. Such a modification to the specimen design should force the crack initiation site into this reduced gage section. Elastoplastic finite element analysis and experimental techniques could be used to account for the extra plastic strain that would occur in the reduced gage section.
Cracking at the extensometer probe indentations has been observed only in the experiments performed on Haynes 188 at 760°C. No such cracking was observed in previously conducted room temperature axialtorsional fatigue tests of similar strain ranges and performed on 304 and 316 stainless steels (refs. 6 and 12). These observations indicate that Haynes 188 at 760°C is more notch sensitive than the previously tested stainless steels.
At the highest axial and torsional strain ranges, the specimens exhibited small amounts of buckling.
Fortunately, the specimen started buckling after the formation of a macroscale crack. To prevent buckling in future high strain range testing, a thicker-walled specimen will probably be necessary.
The practical axial and torsional strain range limits for the specimen geometry used in this study are approximately 2.5 and 4.3 percent, respectively.
Amongthe multiaxial fatigue life prediction models examined in this study, the Modified
Multiaxiality
Factor approach provided good estimations of the torsional fatigue lives from uniaxial fatigue data. In particular, this approach eliminated the conservative predictions of the torsional fatigue lives by the Manson-Halford parameter at small strain ranges. In view of the fact that the main cracks followed paths that were perpendicular to the maximum principal stress direction in all fatigue tests, the reasons for the unconservative predictions of the torsional fatigue lives by the Modified Smith-Watson-Topper parameter are not clear at this time. As previously stated, even though it may be nearly as accurate as the Modified Multiaxiality Factor approach, the Fatemi-Socie-Kurath parameter requires torsional fatigue data to obtain one of its constants.
CONCLUSION
The described fatigue test system configuration and multiaxial data acquisition and control software have been used to perform axial and torsional tests on Haynes 188 at high temperatures.
The multiaxial life models evaluated in this study estimate the torsional fatigue lives to varying degrees of accuracy.
The yon Mises equivalent strain range parameter was conservative by up to a factor of 3 whereas the Modified Smith-Watson-Topper parameter was unconservatire by up to a factor of 6. The predictions by the Manson and Halford method were within a factor of 2 at larger strain ranges; however, at lower strain ranges they were conservative by up to a factor of 5. The Modified Multiaxiality
Factor approach proposed in this paper rectified this problem and predicted all the torsional fatigue lives to within a factor of 2. The method of Fatemi, Socie, and Kurath correlated the axial and torsional fatigue data to within a factor of 2.5.
A modification
to the specimen geometry may be necessary to avoid indentation cracking at lower strain ranges.
Also, the small amounts of buckling that were observed at the higher strain ranges might be eliminated by adopting a specimen design with a thicker wall. 
APPENDIX--DEVELOPMENT
